Abstract-This letter proposes a data-driven method for estimating the probability of wind ramping events without exploiting the exact probability distribution function (PDF) of wind power. Actual wind data validates the proposed method.
I. INTRODUCTION
L ARGE variations of wind power, called ramping events, make it challenging to balance the load and generation in real time. A survey on the definition of a ramping event can be found in [1] . With the point forecast results, the operator can easily identify the movement of wind power output in two successive periods that exceeds a certain threshold, i.e., a ramping event, and then schedule adequate reserve capacity so as to mitigate its impact on system frequency. However, point wind power prediction still suffers from inaccuracy as the leading time goes longer [2] . Recent study proposes to forecast the confidence interval of wind power [3] . However, the operator can hardly determine the exact movement from the confidence intervals, see Fig. 1 , where the wind farm is expected to produce more power in period 1. Suppose the movement w e 1 − w e 2 of point forecast constitutes a ramping event, the movement w u 1 − w l 2 is certainty a more severe ramping, nevertheless, the movement w l 1 − w u 2 may even not be a ramping. Moreover, the probability distribution of wind ramping capacity w 1 − w 2 is still unclear. In this letter, we propose a data-driven method that can provide quantitative measure on the likelihood of ramping events given their ramping capacity, without requiring the PDF of wind power. This analysis offers statistical insights on the frequency of their occurrence and can help the operator make better generation scheduling decisions.
The exact problem studied in this letter is stated below. We have the point forecast w and w e i,2 ≈ w e 2 are met. We aim to determine the probability
, where R D and R U are thresholds for ramp-down event and ramp-up event, which are determined by the system operator or related standards.
II. PROPOSED METHOD
Suppose the PDF f (∆w) of actual wind power forecast error ∆w = [∆w 1 , ∆w 2 ] is an ambiguous multivariate function, it certainty belongs to the following functional set
The constraints in Ω 0 constitute basic requirements of a PDF.
) be the empirical distribution generated by the historical data, the Wasserstein ambiguity set is defined as follows
where the Wasserstein metric d w p (P 1 , P 2 ) of two probability distributions P 1 (described by f (∆w)) and P 2 (described bŷ f (∆w)) with order p ≥ 1 is defined by [4] 
where B(R 2 ) stands for all Borel sets in R 2 . r is a measure on the distance between P 1 and P 2 in functional space. As r tends to 0, Wasserstein ambiguity set Ω C converges to the empirical distribution recovered from historical data.
Take the downward ramping event for example, it leads to estimate the probability
As the PDF f (∆w) is not known exactly, it is prudent to investigate the worst outcome, resulting in the following optimization problem with f (∆w) being the decision variable
where
By changing the value of r D , the function F (r D ) provides a quasi distribution of the wind ramping capacity. It should be pointed out that for each r D , the worst-case PDF f (∆w) may not be the same. According to Example 7 in [4] , problem (2) leads to the following convex optimization problem
T , ∆w h i = ∆w i,1 − ∆w i,2 , ∆w i,1 and ∆w i,2 are the historical forecast errors, q is defined through 1/p + 1/q = 1. Some additional remarks are given.
1. Problem (3) reduces to different forms with different choice of p. For instance, a linear program (LP) for p ∈ {1, ∞}, or a second order cone program (SOCP) for p = 2.
2. The size of Ω C can be controlled through adjusting the parameter r. According to [5] , if r is selected as
where I is the number of sampled data, then the following inequality holds
where α is the confidence level. Equation (5) will be the main principle on the choice of r in practical usage.
By replacing S
is similar to problem (4), except for ∆w T . 4. The proposed method can be extended to incorporating spatial and temporal correlations, as long as there is enough historical data that produces a good reference distribution.
III. CASE STUDIES
Wind data of more than 1,000 wind power plants from Jan. 1st 2004 to Jan. 2nd 2007, including the point forecasts and observed outputs, are collected from the Eastern Wind Dataset released by NREL [6] . In this study, we select the neighbour time periods whose forecast output rests in the interval [1060 MW,1070MW], then we recover 426 data pairs. By this treatment, we have r D ≈ R D and r U ≈ R U .
In the proposed method, we choose p = 1 such that problem (3) gives rise to an LP. We select the first 200, 300, 400 data pairs out of the 426 data pairs as samples to estimate the probability, respectively, while the empirical ramp probability (ERP) and observed ramp probability (ORP) are simulated by the known data pairs and all the data pairs, respectively. The estimated probability of downward and upward ramping event under different R D , R U and α are listed in Table I , from which we can see, the probability offered by the proposed method are quite close to the real ORP and always larger than ERP. Moreover, the conservativeness can be reduced with the number of samples increasing. The quasi-PDF of ramp event when I = 400 is shown in Fig. 2 , from which we see that the ORP, ERP and estimated probability are quite close to each other. Meanwhile, the average computation time is less than 0.05 second. IV. CONCLUSIONS A fully data-driven approach for estimating the probability of wind ramping event is proposed. Possible PDFs of the wind power forecast error are restricted in the functional Wasserstein ambiguity set. The mathematical formulation of probability estimation comes down to convex programs which are readily solvable. Case study shows that our method gives monotonically better estimation when more samples are provided.
